ABSTRACT The scaling of traits on body sizeÑallometryÑis a subject of broad interest in ecology and evolutionary biology, and one in which studies on insects and spiders have featured prominently. Allometric relationships are described with the slope of regressions of trait size (y) on body size (x). A common methodÑordinary least squares (OLS) regressionÑis often expected to underestimate allometric slopes. The reason for this expectation is that OLS regression assumes that x is determined without error, which is expected to bias slope estimates unless the error in y is much larger than the error in x. However, alternative methods such as reduced major axis (RMA) regression suffer from problems of interpretability. Here, we test the hypothesis that OLS regression will underestimate allometric slopes. We used a natural experiment that arose in the course of training to measure insect genitalia, wherein measurement error for genitalia was larger before training than after training, and also differed by a very large amount between traits. Comparing allometric slopes estimated before and after training, and allometric slopes of traits having very different measurement errors, suggests that OLS regression is robust to measurement error in x and that it does not underestimate allometric slopes.
The evolution of scaling relationships between trait size and body size is of broad interest in ecology and evolutionary biology. For example, variation in traitÐ body scaling among adult individualsÑtermed static allometry, henceforth allometryÑfeatures prominently in hypotheses about the form and nature of sexual selection and about the evolution of condition dependence (Eberhard et al. 1998 Bonduriansky and Day 2003; Kodric-Brown et al. 2006; Bonduriansky 2007; Eberhard 2009 ). In some cases, allometric data may be the only kind of evidence available to test hypotheses about the nature of selection on traits (e.g., on fossil specimens; Tomkins et al. 2010) .
In spite of the central role that the study of allometry often plays in ecological and evolutionary research, there is no consensus on how best to characterize allometric relationships. In general terms, the scaling of trait size on body size is described by the slope of logÐlog regressions of trait size on body size. When the allometric slope ϭ1, traits scale in direct proportion to body size. When the allometric slope Ͼ1, small individuals have disproportionately small traits and large individuals disproportionately large traits. Finally, when the allometric slope Ͻ1, small individuals have disproportionately large traits and large individuals disproportionately small traits. In spite of the apparent simplicity of this characterization, there is debate on which regression method is most appropriate to describe allometric slopes. One commonly used methodÑmodel I ordinary least squares (OLS) regressionÑis straightforward and widely available. However, because OLS regression assumes that the values in x are determined without error, it is generally expected to underestimate slopes unless the error in x is much smaller than in y (McArdle 1988 , Sokal and Rohlf 1995 , Bonduriansky 2007 . The other preferred methodÑa model II regression termed reduced major axis (RMA) regressionÑis free from the bias problem, but it is controversial for other reasons. RMA slopes do not describe a functional relationship between variables but correspond instead to the ratio of their standard deviations or to the ratio of the OLS slope and the correlation coefÞcient (Sokal and Rohlf 1995) . RMA slopes therefore confound the steepness of the relationship between two variables with their relative dispersion (Sokal and Rohlf 1995, Eberhard et al. 1998) . For example, if the RMA slope is obtained from the ratio of the OLS slope and the correlation coefÞcient, then weaker functional relationships between variables (i.e., lower correlations) give relatively stronger increases in estimated slopes. Furthermore, if the RMA slope is obtained from the ratio of the standard deviations, then logÐlog data are constrained to yield slopes near 1 (because logÐlog transformations will tend to equalize trait variances relative to unstransformed data), whereas using untransformed data introduces issues of scale. Another problem arises because OLS regression performs better than RMA regression in some conditions (when the error in y is much greater than the error in x; McArdle 1988). Because RMA regression generally yields higher slopes than OLS regression (Green 1999; Eberhard et al. 1999 , this study), it follows that RMA regression may sometimes overestimate allometric slopes.
Without deÞnitive recommendations about which regression method is most appropriate (Sokal and Rohlf 1995) , biologists deal with this problem in various ways. Besides the growing popularity of RMA regression, a more general solution is to focus on the relative magnitude of the allometric slopes for traits of interest, rather than on their proximity to a value of one ). This approach has the advantage of focusing attention on differences in allometric relationships among types of traits (e.g., sexually selected versus naturally selected traits, genitalia versus displays), and it also allows for each species to provide its own controls in comparative studies. Another general option is to use OLS regression and correct slope estimates for the expected bias (Fuller 2006) .
Here, we focus on a solution based on the recognition that OLS regression will not necessarily bias slope estimates and than even when x is Þxed there is error (Sokal and Rohlf 1995, Fuller 2006) . When dealing with regression there are three basic scenarios: i) x is Þxed and there is an associated error, ii) x is measured with error, and iii) x is measured with error and it is used to estimate another variable of interest (Fuller 2006) . Of these cases, only case iii yields biased estimates, not because of measurement error in x in and of itself, but because x is used to estimate another, unobserved independent variable (Fuller 2006) . We note that the study of allometry falls into case ii, because it deals with the scaling of trait y on trait x, rather than on an unobserved trait estimated by x. When allometric slopes refer to scaling relative to body size, body size is used as a convenient term rather than as an unobserved variable of interest: the measurements of trait x are in fact the data of interest. Thus, according to the above criterion, OLS regression should yield unbiased estimates of allometric slopes.
We tested the hypothesis that OLS regression underestimates allometric slopes. We took advantage of a change in measurement error that occurred as one of us (N.A.-W.) was trained to measure insect genitalia: genitalia measurements (y) had higher errors before training, whereas body size measurements (x) had constantly low errors. Training thus changed the relationship between the measurement error in x and y. This relationship is the feature that is held to determine whether OLS regression will bias slope estimates: when the error in y is at least 3 times greater than in x, OLS regression is deemed preferable; however, when the error in y is Ͻ3 times greater than in x, RMA regression is recommended (McArdle 1988 , Bonduriansky 2007 . The change in the relationship between measurement error in x and y that arose from constant low error in x and changes in the error in y from pre-to posttraining allowed us to test three predictions of the hypothesis that OLS regression underestimates allometric slopes: 1) Because the error in y was closer to the error in x in the posttraining data, the posttraining data should yield lower (i.e., more underestimated) slopes. (2) One of the genitalic traits had a large enough error, relative to that in body size, that OLS is recommended and should not underestimate the slope; this trait should therefore have higher (i.e., less underestimated) slopes than the other traits. 3) Genitalia traits (y) having lower error (i.e., closer to the error in x) should suffer more from bias, and they should therefore have lower (more underestimated) allometric slopes. We reject all three of these predictions, and suggest that OLS regression is robust to error in x and that it does not underestimate allometric slopes.
Materials and Methods
Our study species was the member of the Enchenopa binotata (Say) species complex (Hemiptera: Membracidae) that inhabits hoptree, Ptelea trifoliata L. (Cocroft et al. 2008 ). This project is part of a larger study on the developmental architecture of behavioral and morphological traits in the E. binotata complex (our unpublished data). We collected males at Columbia, MO, in late spring 2008 and preserved them in 75% ethanol. We measured pronotum length and seven genitalia traits (Fig. 1) . We dissected the males (N ϭ 33) under an SZ dissecting microscope (Olympus America Inc., Center Valley, PA). We generated digital images with a USB 2.0 camera Moticam 2500 (Motic Incorporation Ltd., Hong Kong, China) mounted on the dissecting scope and connected to an iMac computer. Placing the preparations on Fig. 1 . Measures of Enchenopa body and genitalia. Our measure of body size was pronotum length. We measured genitalia traits in the aedeagus, style, and subgenital plate (terminology after Pratt and Wood 1993) . All traits were linear distances except aЊ, which was an angular measure partly describing aedeagus shape.
May 2011 AL-WATHIQUI AND RODRÍGUEZ: ALLOMETRIC SLOPES AND OLS REGRESSIONÞne sand allowed for Þne-scale position adjustment. We measured traits with the program ImageJ (Rasband 1997Ð2009) . For studies such as ours, the greatest source of measurement error probably involves size-related imprecision in the positioning of preparations for measurement (rather than size-related imprecision in the actual measurements, which is probably negligible because of the ability to adjust the magniÞcation with which images are taken). We aimed to capture most of this source of error as follows: For each of the two data sets (pre-and posttraining), we obtained two replicate measurements for each trait. For each replicate, we positioned (or repositioned) the preparation on the sand, adjusted to a horizontal position, and created a new digital image.
We described the relative magnitude of the measurement error in x and y following McArdle (1988) with the log error rate ratio (LERR): ). We estimated error variance with the square of the standard deviation of the absolute value of the difference between the two replicate measurements for each trait. We estimated trait variances with the square of the pooled standard deviation (Cohen 1988 ) of the replicate measurements.
We compared measurement repeatabilities and LERRs across data sets with a linear mixed model using restricted maximum likelihood (REML). The model included data set as a Þxed effect, and trait as a random effect. The REML method provides signiÞcance tests for Þxed effects and variance component estimates with 95% conÞdence intervals (CIs) for random effects. We estimated slopes with OLS regression (log-log) and compared them across data sets with an REML linear mixed model, with data set and replicate (nested within data set) as Þxed effects and trait as a random effect. We also repeated this analysis using RMA slopes (RMA slope ϭ OLS slope/correlation coefÞcient) for comparison. We assessed the relationship between LERRs and allometric slopes (both OLS and RMA) with PearsonÕs product-moment correlation coefÞ-cient. We ran all analyses in JMP 7.0.1 (SAS Institute, Cary, NC).
Results
Pronotum length measurements (x) had high repeatability pre-and posttraining (r ϭ 0.9971 and 0.9998, respectively). By contrast, mean repeatability for genitalia traits (y) improved signiÞcantly from pre-to posttraining (F 1,5 ϭ 42.97; P ϭ 0.0012) (Fig. 2a) . This suggests that measurement error was constant and low for body size but that it decreased for genitalia. Accordingly, genitalia LERRs were signiÞcantly higher in the pretraining data (F 1,10 ϭ 5.48; P ϭ 0.041) (Fig. 2b) .
According to the hypothesis that OLS regression underestimates allometric slopes, the above reduction in genitalia LERRs predicts greater slope underestimation in the posttraining data set. However, slopes did not differ signiÞcantly between pre-and posttraining data sets (Table 1) . Furthermore, the (nonsignificant) difference opposed the prediction, because slopes were higher posttraining rather than lower (Fig. 3a) . We found the same patterns with RMA slopes: slopes did not differ between pre-and posttraining data sets (Table 1) , and the only difference was the expected overall higher absolute magnitudes for the estimated RMA slopes (Fig. 3b) .
These tests excluded one trait (aЊ in Fig. 1 ) that had a much higher error rate than body size (LERR Ͼ3) (Fig. 2b) . In spite of this large LERR, measurement repeatability for this trait improved from pre-to posttraining (Fig. 2a) . Thus, our measures provide an accurate description of this trait. The LERRs of this trait were of such magnitude (LERR Ͼ3) (Fig. 2b) that OLS regression is actually indicated as the preferred method (McArdle 1988 , Bonduriansky 2007 . Conse- Fig. 2 . Measurement repeatability and LERRs for E. binotata genitalia traits in pre-and posttraining data sets. Filled symbols, all genitalia traits except aЊ (see Fig. 1 ). Open symbols, aЊ. We show least square means Ϯ 1 SE. (a) Repeatability increased from pre-to posttraining. (b) LERRs decreased from pre-to posttraining for most genitalia traits; however, LERRs for aЊ were higher overall and increased from pre-to posttraining. quently, OLS slopes should not be underestimated for this trait, and it should therefore have higher slopes than the other traits. However, we found the opposite: it had the lowest slopes of all, either with OLS or RMA regression (Fig. 3) .
Another prediction of the hypothesis that OLS regression underestimates allometric slopes is that slopes will be lower (i.e., more underestimated) for traits with lower LERRs. That is to say, the hypothesis predicts a positive correlation between the magnitude of LERRs and the magnitude of allometric slopes. However, we found the opposite pattern again: there was a trend toward negative correlations (Fig. 4) .
Discussion
We reject three predictions of the hypothesis that OLS regression underestimates allometric slopes.
First, OLS slopes were not lower (more underestimated) when the error in y approached the error in x. Second, OLS slopes were not higher (less underestimated) when the error in y was much greater than in x. Finally, OLS slopes were not positively correlated with LERRs, which describe the relative magnitude of the measurement error in x and y; instead, there was a trend toward negative correlations. We found the same patterns with RMA slopes, except for the obvious difference that RMA slopes tended to be have a greater magnitude than OLS slopes.
A potential limitation of our test is that the decrease in measurement error, although signiÞcant, was small (Fig. 2b) . Because error in slope estimation changes linearly with log-scale changes in LERR (McArdle 1988) , increased underestimation of slopes may be small and difÞcult to detect. However, we consider that this potential problem does not weaken our Þnd-ings, because the direction of the (nonsigniÞcant) observed change opposed the prediction: not only did OLS slopes not decrease from pre-to posttraining, they increased. Furthermore, this limitation would only affect one of the predictions we tested. Another prediction involved a very large difference (3 orders of magnitude) in the measurement error of different genitalia traits (Fig. 2b) , which still did not inßuence OLS slope estimation in the predicted way. We therefore interpret our Þndings as a rejection of the hypothesis that OLS regression underestimates allometric slopes. Consequently, the generally higher slopes that are obtained from RMA regression (Green 1999 , Eberhard et al. 1999 , this study) may involve overestimation of the true allometric slope.
Our Þndings are consistent with the notion that OLS regression is robust to measurement error in x. Evaluating the generality of this Þnding will require testing with other species, but we see no reason why our study species would be unusual in this regard. The predictions tested were based on the relative magnitude of measurement error in the variables, and were not speciÞc to the measured traits in any way. The key to our test of the predictions was change in the error of measurements of hard-to-measure traits. We expect that such changes are not deterministic, in the sense that they will vary between persons and with the difÞculty of the measurements. In our case, we consider that the decrease in error involved greater care in the positioning of the preparations. However, it can generally be expected that training will decrease measurement error, not increase it. Consequently, replicating our experiment should be feasible and illuminative. In conclusion, we suggest that OLS regression is a simple and adequate technique for the study of allometry and of functional relationships between traits. Fig. 3 . Allometric slopes for E. binotata genitalia traits in pre-and posttraining data sets. Filled symbols, all genitalia traits except aЊ (see Fig. 1 ). Open symbols, aЊ. We show least square means Ϯ 1 SE. (a) OLS slopes increased nonsigniÞ-cantly from pre-to posttraining for most genitalia traits, and they were lower overall for aЊ. Slopes for each of the two replicates in the pre-and posttraining data sets. (b) Similar patterns for RMA slopes. Fig. 4 . Relationship between LERRs and allometric slopes. The hypothesis that OLS regression will underestimate allometric slopes predicts a positive relationship between LERRs and slopes, because traits having lower LERRs (and hence more similar error to the error in x) should have lower (more underestimated) slopes. However, we found trends toward a negative relationship between LERRS and slopes. Including the trait aЊ (see Fig. 1 ) in this analysis (the two rightmost data points in each panel) may force a negative relationship, because this trait had the highest LERRs by far and the lowest slopes. However, even excluding this trait still revealed a trend toward negative relationships. 
